We evaluated bromodeoxyuridine (BrdU) immunohistochemistry of paraffin-, methyl methacrylate (MMA)-, and epon-araldite (epon)-embedded canine bone specimens to establish an optimal technique for studying cell kinetics of fracture healing in a canine tibial gap model. Dogs were sacrificed 4 months after tibial ostectomy and 1 hr after IV injection of BrdU (100 mgl kg) . BrdU immunohistochemical staining with a peroxidase-labeled streptavidin-biotin (LAB-SA) method was performed on thin sections of tibia fued in 70% ethanol and embedded in p a d i n , MMA, or epon. Thin sections of small intestines fixed in 70% ethanol and 10% neutral buffered formalin and embedded in paraffin, MMA, or epon were BrdU-stained and served as a model for proliferating tissue. Good and consistent BrdU immunostaining without detachment of bone sections was obtained for epon-embedded undecalcified bone sections.
Introduction
Fracture healing is a complicated cellular response that involves two different bone formation pathways, endochondral ossification and intramembranous ossification, and at least four types of tissue responses, a periosteal response, an external soft tissue response, a bone marrow response, and a cortical healing response (1) . During the process of fracture healing, many different types of cells from different tissues are induced to proliferate and differentiate in response to the fracture injury. Normal proliferation and differentiation of these cells, mainly osteogenic cells, are extremely important for normal fracture healing to occur. However, knowledge of the cell kinetics underlying the process of fracture healing, both under normal conditions and in delayed union or non-union, is still incomplete. Although various methods of enhancing healing of fractures have been described (2) , a better understanding of the ' Correspondence to: Mark D. Markel, DVM. PhD, Dept. of Surgical Sciences, School of Veterinary Medicine, U. of Wisconsin-Madison, 2015 Linden Dr. W, Madison, WI 53706-1102. cell kinetics underlying fracture healing will ultimately augment the development and refinement of such methods.
High-resolution autoradiography using titrated thymidine ([3H]-TdR) is the "classic" method of studying cell kinetics and has been used in cell kinetic studies of fracture healing (3) (4) (5) (6) (7) (8) .
[3H]-TdR autoradiography, however, has several disadvantages. It is a timeconsuming process, requires necessary precautions for working with radioactive materials, and needs special equipment. Each of these disadvantages limits its wide application in cell kinetic studies.
The development of monoclonal antibodies to 5-bromo-2'deoxyuridine (bromodeoxyuridine or BrdU) (5410) introduced a more rapid and non-radioactive immunohistochemical technique, BrdU immunohistochemistry, for studies of cell kinetics. BrdU immunohistochemistry has the potential to avoid the disadvantages of [jH]-TdR autoradiography (11-13) and is widely used as an alternative to [3H]-TdR autoradiography in cell kinetic studies. Many reports (12-16) have demonstrated that BrdU immunohistochemistry is a suitable replacement for [ 3H]-TdR autoradiography in cell kinetic studies. However, BrdU immunohistochemistry for the study of fracture healing or in canine large undecalcified bone sections has not been reported in the literature.
The primary objective of this study was to establish an optimal BrdU immunohistochemical method for studying cell kinetics of fracture healing in a canine tibial gap model using large undecalcified bone sections. Three common embedding techniques used in bone histological and bone histomorphometric studies were evaluated in this study, i.e., paraffin embedding, methyl methacrylate embedding (MME), and epon-araldite (epon) embedding. These embedding techniques were also chosen because they have been reported to give satisfactory BrdU immunohistochemical results in some soft tissues and decalcified or undecalcified hard tissues (1 1, 16-19) . Small intestine tissues have a high cell turnover rate and are common proliferating tissues applied in BrdU immunohistochemical studies. They were chosen as models for proliferating tissues in this study.
Materials and Methods

Animal Model and BrdU Labeling
Five adult mixed-breed dogs weighing 27-36 kg (mean BW 30.6 kg) were used in this study. The animal model, a canine tibia gap model, used for this study has been described previously (2) . Briefly, the dogs were induced, intubated, and maintained on oxygen and halothane. The right hindlimb of each dog was aseptically prepared for surgery. A 5-mm mid-diaphyseal transverse ostectomy was performed on the right tibia with an oscillating saw (Model 1370; Stryker, Kalamatoo, MI), and stabilized with a six-pin unilateral external fixator applied to the craniomedial aspect of the tibia. The incision was closed in routine fashion. All dogs were allowed unrestricted activity in a 1.5 x 3 m2 dog run during the study period and were sacrificed 4 months after surgery.
BrdU (Sigma; St Louis, MO) was dissolved in sterile physiological saline and injected IV into dogs at a dose of 100 mg/kg. The dogs were sacrificed 1 hr after BrdU administration. The right tibia and two 4-cm pieces of jejunum were collected from each dog and fixed immediately after sacrifice.
Fixation
All tibias were fixed in 70% ethanol. After 24 hr of fixation, the tibia was cut transversely with a Powermatic band saw (Houdaille; McMinnville. TN) to achieve a 40-mm-long block of bone centered over the ostectomy gap, which was further sectioned coronally with a circular diamond precision saw (Isomet Plus; Buehler, Lake Bluff, IL). Three middle coronal slices of bone with an average area of 40 x 20 mm2 and an average thickness of 2 mm were used in this study, and embedded later in paraffin, MMA, and epon, respectively. All bone specimens were transferred to smaller containers and fixation was continued for 3 more days. Two pieces of jejunum from each dog were fixed for 4 days in 70% ethanol (ETOH) and 10% neutral buffered formalin (NBF), respectively, to be used mainly as positive controls. Two 3-mm cross-sections of jejunum fixed in ETOH and NBF were later embedded in a single block with paraffin, MMA, and epon embedding.
Para&% Embedding
Bone specimens were decalcified with a commercially available EDTA decalcifying solution (S/P Decalcifying Solution; Bexter, McGaw Park, IL) before paraffin-embedding. The endpoint of decalcification was determined by speciman flexibility and radiography. Embedding of both bone and small intestine was carried out by a routine paraffin-embedding procedure.
Epon Embedding
The embedding medium was prepared from a commercially available kit (AralditelEMbed-812; EMS, Ft Washington, PA) by mixing in sequence Embed-812 (12.6 g), araldite 502 (11.8 g), DMP-30 (0.3 g), and DDSA (26.7 g).
Dehydration was carried out at room temperature (RT) with graded ethanol (80% ethanol, 1 hr; 95% ethanol, twice for 1.5 hr; 100% ethanol, twice for 1.5 hr). After clearing with propylene oxide, tissues were infiltrated with increasing concentrations of epon at RT as follows: 25% epon, 16 hr; 50% epon. 24 hr; 75% epon, 24 hr; and 100% epon, 3 days. While in the 100% epon, a vacuum of 380 mmHg was applied. Embedding was then accomplished in fresh 100% epon in a polypropylene beaker at RT under vacuum of 380 mmHg for 2 days. The embedded block was polymerized at 60-C for 2 days.
MMA Embedding
The embedding medium was prepared at RT by mixing 250 ml of methyl methacrylate monomer (Polysciences; Warrington, PA), 2.5 g of benzoyl peroxide (reagent grade; Fisher, Fair Lawn, NJ). and 100 g of polymethyl methacrylate (low molecular weight; BDH, Poole, UK).
Both bone and small intestine specimens were dehydrated at RT with 95Oh ethanol (twice for 1.5 hr) and 100% ethanol (twice for 1.5 hr), then transferred to 100% acetone for 2 hr. Infiltration and embedding were carried out as follows: (a) 50% methyl methacrylate monomer in acetone (vlv) through several changes and then for 24 hr at RT; (b) 100% methyl methacrylate monomer, 24 hr. RT; (c) MMA embedding medium, 4 hr, RT and (d) MMA embedding medium, 24 hr, at 4°C. Steps c and d were carried out in a vacuum jar. Specimens were oriented in glass bottles and polymerized at 37°C for 3 days.
Sectioning
Paraffin-embedded Specimens. Five-wm sections were cut on a rotary microtome (Autocut 2040; Reichert-Jung, Heidelberg, Germany) with a disposable stainless steel blade (Reichert-Jung; Buffalo, NY), floated onto warm water (42-44°C) dissolved with gelatin in a water trough, and mounted on acid-cleaned, poly-L-lysine-coated glass slides. The slides were placed in an oven at 60°C for 15 min to promote adhesion.
Epon-and MMA-embedded Specimens. A hexagonal metal block that is designed to attach to the microtome was glued to a plastic-embedded specimen with instant glue (Dura Super Glue; Loctite. Cleveland, OH). The embedded specimen was then surfaced with the circular diamond precision saw and a polishdgrinder (Ecomet 111; Buehler, Evanston, IL), and trimmed with the Powermatic band saw and the polisher/grinder. Threepm sections were cut on a sledge microtome (Polycut E 5000; Reichert-Jung, Nussloch, Germany) with a tungsten carbide blade (Reichert-Jung 16-cm 50" T.C. knife; Cambridge, Nussloch, Germany), floated in a 50°C water bath, and mounted on chromalum-gelatin-coated glass slides. The slides were placed on a slide plate at 56°C for 2 hr and then in an oven at 56°C overnight to promote adhesion (19, 20) .
BrdU Immunohistochemical Staining
Preparation of Paraffin-embedded Sections. Slides were placed in an oven at 56°C for 1 hr, then deparaffinized with xylene (twice for 2 min). The deparaffinized sections were rehydrated with graded ethanol (lOOoh. 90%. 70%) and rinsed in 0.05 M PBS, pH 7.4. The sections were incubated in 4 N HCI at 37°C for 30 min to denature DNA, then rinsed in 0.1 M sodium borate (pH 8.5) and PBS to restore pH.
Preparation of Epon-embedded
Sections. Slides were submerged in 1:l saturated sodium ethoxide and 100% ETOH for 20 min. The sodium ethoxide, which served both to remove epon and to denature DNA (19) , was made by dissolving sodium hydroxide in 100% ethanol (21) . The slides were then rinsed in two changes of 100% ethanol for 5 min each to clean off sodium ethoxide, rehydrated in graded ethanol (100%. 90%, 70%), and rinsed in two changes of PBS.
Preparation of MMA-embedded Sections. The sections were etched with chloroform (4, 10, 20, 30, or 40 min), or methyl cellosolve acetate (MCA, 30 or 40 min), two chemicals that have been reported to be able to remove methyl methacrylate (16.20). Etching was followed by DNA denaturation in HCI (1 N or 4 N, 37'C for 30 min or 60°C for 8 min) or in sodium ethoxide (50% or 100% saturated, 15 or 30 min). The remaining preparation steps were identical to that of paraffin-embedded sections if sections were treated with HCI, or to that of epon-embedded sections if sections were treated with sodium ethoxide. Immunohistochemical staining as summarized above employed a commercially available mouse anti-BrdU monoclonal antibody (MAb) (Becton Dickinson; San Jose, CA) and a commercial ht (Histostain-SP mouse universal kit; Zymed, S. San Francisco, CA). Anti-BrdU antibody supplied at a concentration of 25 pglml was diluted with 1% Tween 20-PBS (pH 7.4) and tested in dilutions of 150 and 1:50. The anti-BrdU MAb was routinely applied in a dilution of 1:50 because there were no differences in staining intensity between dilutions of 1:30 and 1:50. Both 3-amino-9-ethylcarbaole (AEC Zymed) and 3,3'-diaminobenzidine tetrahydrochloride (DAB Zymed) were used in this study and had similar staining results in terms of staining sensitivity. However, with AEC chromogen, the stained sections were dried on a 60°C slide plate and mounted with an aqueous mounting medium (glycerol-polyvinyl alcohol; Zymed) because the colored reaction product of AEC is lipid-soluble. This mounting process was found to be less satisfactory than that applied in DAB-stained sections (i.e., dehydration with graded alcohol and mounting on Eukitt mounting medium). In addition, there was diffusion of the AEC-colored product from nuclei when stained slides were kept for long periods. This phenomenon was not observed with DAB staining. Therefore, DAB was used exclusively in the later period of study.
Controls
Reagent controls were run on the sections cut from the same embedded samples with non-immune mouse serum or PBS substituted for the primary antibody (anti-BrdU). Bone and small intestine specimens from a dog not given BrdU were processed and stained by the identical procedure and served as negative controls.
Evaluation
Slides were observed by light microscopy at magnifications of x 400 and Both staining intensity and background staining were graded semiquantitatively as follows. Staining intensity: 0. none: 1. weak: 2, moderate: 3, strong staining signal. Background staining: 0, none; 1. low; 2, moderate; 3, high staining noise.
x 1000. Immunostaining quality was determined by staining consistency and by staining sensitivity, which was determined by the ratio of staining intensity to background staining. The entire region of epon-embedded undecalcified bone sections was observed for localization of BrdU-labeled cells. The BrdU-positive cell types were determined by observing cell morphology and spatial location of these cells on serial sections, including BrdUimmunostained, Goldner's trichrome-stained, and methylene blue-Azure 11-stained sections.
Results
All animals survived the study period with no complications observed. No BrdU-positive cells were observed in either reagent control or negative control sections.
BrdU Staining of Parafin-embedded Tissues
Small Intestine Specimens. Whenever the BrdU staining gave a positive result in small intestines, only nuclei of epithelial cells in the lower two thirds of the crypts were labeled. ETOH-fixed small intestine specimens stained much better than NBFfixed specimens in terms of staining sensitivity (Table 1 ). Although both fixatives gave very low background staining, the intensity of BrdU labeling in the small intestine fixed in ETOH was strong, whereas the BrdU staining signal was weak in the small intestine fixed in NBF.
Bone Specimens. There was some shrinkage of specimens during the embedding process. Extensive BrdU labeling was seen in bone marrow cells. There were also BrdU-positive cells in cellular islands in cortical bone locations. However, detachment of cortical bone and some trabecular bone and loss of morphological details occurred during acid thermal denaturation, which made it difficult to determine the cell types and spatial localization of these BrdU-labeled cells.
BrdU Staining of MMA-embedded Tissues
Chloroform and methyl cellosolve acetate (MCA) removed methyl methacrylate (MMA) well. It took approximately 30 min for these I Figure two chemicals to remove MMA completely. After completion of the etching process with either chloroform or MCA, all small intestine and bone sections remained well fixed to the histological slides. Although detachment of gut sections did not occur, bone sections fell off the histological slides during denaturation with HCI at the concentrations (4 Nor 1 N) and temperatures (60°C or 37°C) employed in this study. However, both small intestine and bone sections stayed well-adhered to slides when sodium ethoxide was used to denature DNA after removing MMA with any of two chemicals mentioned above.
Despite changing the reagent and time of etching and varying the method and duration of denaturation, only a few BrdU-labeled cells were observed at the edge of some small intestine sections, either with acid thermal denaturation or with sodium ethoxide denaturation. Good and consistent results were not obtained.
BrdlJ Staining of Epon-embedded Tissues
Small Intestine Specimens. In contrast to BrdU staining of paraffin-embedded small intestines, NBF-fixed small intestines stained well, whereas ETOH-fixed small intestines stained poorly ( Table 1 ). In NBF-fixed small intestine sections, the staining signal was strong and background staining was low. The staining result was consistent throughout the section. As in paraffin-embedded small intestine sections, BrdU-labeled proliferative epithelial cells with nuclei covered by DAB or AEC deposits were observed only in the lower two thirds of intestinal crypts. However, in ETOH-fixed small intestine sections, the staining signal was similar to background staining and was not consistent throughout the section.
Bone Specimens. Bone sections remained flat and well-adhered to the histological slides after completion of the entire BrdU-staining process. Detachment of specimens did not occur and the sections remained intact. BrdU-positive cells with nuclear deposits of DAB or AEC were easily identifiable by light microscopy in contrast to negligible background. These BrdU-positive cells were primarily located in the medullary cavity, but were also observed in the cortex and callus.
BrdU-labeled osteoblasts were occasionally observed in external callus around woven bone or near cortical bone surfaces (Figures la and Ib), and in medullary callus near the endosteal surface. BrdUpositive pre-osteoblasts were observed in external callus around woven bone near the osteoblast layer ( Figures IC and Id) . These osteoblasts were flat or oval. However, typical active osteoblasts, which were plump, cuboidal cells, did not contain BrdU. No BrdUpositive osteoclasts or osteocytes were observed.
Discussion
In this study we evaluated BrdU staining in conjunction with paraffin, MMA, or epon embedding to establish an optimal BrdU immunohistochemical method for studying cell kinetics of fracture healing in a canine tibial gap model using large undecalcified bone sections. Appropriate tissue processing is essential for successful BrdU immunohistochemistry. Correct fixation, embedding, and DNA denaturation procedures are critical for satisfactory BrdU staining. It has been demonstrated that fixation has a great influence on the intensity of BrdU immunohistochemical staining (17,19,22) . A fixative might influence BrdU immunohistochemical staining via its effect on the action ofdenaturating agents. Shutte et al. (22) tested the influence of various fixatives on BrdU immunoscaining with paraffin-embedded, mouse small intestine. They found that denaturating fixatives, such as 70% ethanol or Carnoy's fluid, were better than cross-linking fixatives, such as formalin and glutaraldehyde, for BrdU immunohistochemical staining. The former fixatives required only a standard acid denaturation protocol for satisfactory staining, whereas the latter required digestion of tissue with pepsin before acid denaturation. It is widely accepted that ethanol and Carnoy's fluid are favored for BrdU immunohistochemistry in paraffin-embedded tissues, whether for soft tissue (22) or for decalcified hard tissue (17). However, Apte and Puddle (19) found that formalin fixation gave excellent BrdU immunostaining and superior morphology with epoxy-embedded undecalcified hard tissue, whereas ethanol and Carnoy's fluid were unsatisfactory. In the study reported here, we evaluated BrdU immunohistochemical staining sensitivity in three embedding systems (paraffin, epon, MMA) and compared the effects of two fixatives (ETOH, NBF) using canine small intestine as a model for proliferating tissue ( Table 1) . The results of this study indicate that ETOH is favored for paraffinembedded tissue and formalin is favored for epon-embedded tissue. This result is consistent with the work of Schutte et al. (22) , Hume and Keat (17), and Apte and Puddle (19) . In addition, MMAembedded tissues did not label BrdU cells either strongly or consistently.
All bone specimens used in this study were fixed in 70% ethanol. This fixative was chosen because a bone histomorphometric study using fluorescein bone labels was carried out with the identical bone specimens, and it has been reported (23) that 70% ethanol is the fixative of choice for preserving tetracycline and other fluorescein bone labels used in bone histomorphometric studies. ETOH was also chosen because, in this study, our original goal was to utilize standard fixation with MMA embedding for both bone histomorphometric and BrdU immunohistochemical studies. Previous reports stated that the combination of ETOH fixation and MMA embedding was ideal for bone histomorphometric studies (24) and demonstrated that Carnoy's solution, basically an ethanol fixative, gave very good BrdU staining in MMA-embedded tissue compared with Bouin's fluid, a formalin fixative (25) . We did demonstrate that the combination of ETOH fixation and MMA embedding was good for bone histomorphometry (results not shown). However, despite the previously reported success of BrdU staining in tissues fixed in Carnoy's solution and embedded in MMA (25). we were unable to detect BrdU-labeled cells adequately in either small intestine or undecalcified bone specimens that were fixed in 70% ETOH and embedded in MMA. Owing to this lack of success, we eventually switched to an epon embedding technique similar to that reported by Apte and Puddle (19) to perform BrdU immunohistochemical staining of large undecalcified bone specimens. Although epon embedding has been reported by Apte and Puddle (19) to be unsatisfactory in BrdU staining of hard tissues fixed in ETOH, we achieved satisfactory BrdU staining in ETOH-fixed and epon-embedded undecalcified bone specimens in terms of BrdU staining sensitivity and preservation of cell morphology. The BrdUpositive cells were easily identifiable and were observed in the area of medullary cavity, callus, and cortical bone. This result is an important consideration when an investigator plans to carry out simultaneous bone histomorphometric studies by using fluorescein bone labels and BrdU immunomorphometric studies on the same bone specimen. However, the mechanism of disparity between BrdU staining of ETOH-fixed, epon-embedded small intestine and bone specimens is unclear. In addition, we cannot conclude that this result is in contrast to the report by Apte and Puddle (19) because we did not evaluate BrdU staining of formalin-fixed, epon-embedded undecalcified bone specimens.
DNA denaturation is a critical, if not the most important, step in BrdU immunohistochemistry. Acid thermal denaturation, with or without protease (e.g., pepsin) treatment, is a popular denaturing protocol. However, acid thermal denaturation has been reported to be detrimental to cell morphology (26, 27) . In addition, in this study we demonstrated that with acid thermal treatment, regardless of the duration of application or the concentration of acid tested, or whether the specimen was placed on chromalum-gelatin-coated or acid-cleaned glass slides, detachment of undecalcified bone sections always occurred, precluding adequate conditions for microscopic analysis. This denaturing protocol, therefore, is unsuitable for BrdU staining of large undecalcified bone specimens. The development of the method by Apte and Puddle (19) using sodium ethoxide to remove resin from undecalcified bone sections, as well as to achieve DNA denaturation, is an excellent contribution to BrdU immunohistochemistry of hard tissues. This protocol was successfully applied in the present study.
Paraffin, MMA, and epon embedding are widely used in bone histological and histomorphometric studies and have been reported to be successful for BrdU immunohistochemistry. BrdU immunohistochemistry of paraffin-embedded tissues has been widely reported and was the first approach tested in this study. Good BrdU staining results were obtained with both ETOH-fixed small intestine and ETOH-fixed, EmA-decalcification bone sections in terms of staining sensitivity. However, with this technique for bone specimens, (a) a decalcification step was required, and with decalcification the histomorphometric differences between calcified and uncalcified bone (osteoid) were lost. (b) Large specimens as used in this project needed to be divided to utilize the molds of commonly used microtomes. (c) There was shrinkage of bone marrow and specimens during embedding. (d) It was difficult to cut sections thinner than 5 vm. Finally, ( e ) detachment of cortical bone occurred, which led to difficulty in identifying cell types and spatial localization.
MMA embedding was our first choice for the development of BrdU staining of large undecalcified bone specimens. This embedding technique is widely used in bone histology as well as bone histomorphometry, and is an established method in our laboratory. For maximal sensitivity of BrdU immunohistochemistry in MMA-embedded tissues, the plastic must be removed and the double-stranded DNA denatured to single-stranded DNA (17). Two chemicals, chloroform (16) and methyl cellosolve acetate (MCA) (20) , which have been reported to remove MMA, were applied for different durations and were followed by incubation with either HCI or sodium ethoxide. Although we were able to remove MMA adequately from both small intestine and bone sections, a good quality of BrdU staining was not achieved. In addition, acid hy-drolysis caused detachment of undecalcified bone sections from histologic slides.
Successful BrdU staining of MMA-embedded tissues has been reported by van de Kant et al. (16, 25) . The tissues they used were mouse testes and small intestine that were fixed in Carnoy's fluid. They removed MMA with chloroform for 30 min and denatured DNA with 1 N HCI at 60°C for 8 min before microwave-aided immunogold-silver staining (IGSS) to detect BrdU-labeled proliferative cells. The major difference between the two protocols was the immunohistochemical staining method. Perhaps we obtained unsatisfactory results because the LAB-SA immunohistochemical staining method we used was not as sensitive as the microwave-aided IGSS method. Other possible explanations may be differences in embedding materials or procedures, or that 70% ETOH is not as effective as Carnoy's fluid as a fixative for BrdU staining.
Because the protocol used by van de Kant et al. (16, 25) involved acid thermal denaturation which was tested in this study and found to be unsuitable for undecalcified bone sections, we did not pursue further study of BrdU staining of MMA-embedded undecalcified bone specimens. Instead, epon embedding was selected, and an optimal and satisfactory BrdU immunohistochemical staining technique for large undecalcified bone sections was established. Preliminary results of this study demonstrates that BrdU immunohistochemical staining of ETOH-fixed, epon-embedded undecalcified bone specimens is better than that of paraffin-embedded or MMA-embedded specimens, and is suitable for cell kinetic studies of fracture healing in a canine tibia gap model used in this study.
